INTRODUCTION {#SEC1}
============

Expanded triplet-repeat sequences are the cause of several human genetic diseases ([@B1]). Whereas the molecular mechanisms underlying disease pathogenesis can be varied, in some instances expanded triplet-repeats can serve as a source of repressive chromatin ([@B2]). In Friedreich ataxia (FRDA), the most prevalent inherited ataxia, patients are typically homozygous for expanded *FXN* alleles that contain 100--1300 GAA triplets in intron 1, with the majority of disease-causing alleles containing \>400 GAA triplets ([@B3]). Repressive chromatin spreads from the expanded GAA triplet-repeat (GAA-TR) sequence ([@B4]) in intron 1 to the *FXN* promoter and results in epigenetic promoter silencing ([@B6],[@B8]). The promoter of the *FXN* gene is rendered transcriptionally non-permissive, leading to severe deficiency of transcriptional initiation in FRDA ([@B6],[@B8],[@B9]). The magnitude of promoter silencing in FRDA and the resultant deficiency of transcriptional initiation is dependent on the length of the expanded GAA-TR sequence ([@B10]), which further substantiates the causal relationship between the expanded GAA-TR sequence and epigenetic promoter silencing. Presently, it remains unknown if the epigenetic promoter silencing caused by the expanded GAA-TR sequence in FRDA can be reversed.

In addition to epigenetic *FXN* promoter silencing in FRDA, there is also evidence of deficient transcriptional elongation through the expanded GAA-TR sequence. However, the magnitude of impedance of transcriptional elongation in FRDA is much less impressive *in vivo* than was previously suggested by *in vitro* studies ([@B11]). Indeed, measurement of steady-state transcript levels by quantitative RT-PCR did not reveal an appreciable FRDA-specific reduction in *FXN* transcript downstream (versus upstream) of the expanded GAA-TR sequence ([@B6],[@B10]). Nevertheless, comparison of the level of *FXN* transcript upstream versus downstream of the expanded GAA-TR sequence, both via quantitative RT-PCR of metabolically labeled nascent transcript ([@B8]) and by comprehensive RNA-seq analysis ([@B14]), revealed ∼2-fold reduction in transcriptional elongation through the expanded GAA-TR containing intron 1. Consistent with this, Kumari *et al*. ([@B6]) detected ∼2-fold reduced level of the elongation-associated marker, H3K36me3, downstream of the expanded GAA-TR sequence in FRDA. In contrast, there is a 5--12-fold reduced level of transcriptional initiation in FRDA versus non-FRDA cells ([@B8]) and Silva *et al*. ([@B9]) estimated by RNA-FISH in single cells that the relative contribution of the transcriptional initiation defect to the total deficit of transcript level in FRDA is 6.3-fold greater than due to the defect in transcriptional elongation. Therefore, while there is a transcriptional elongation defect in FRDA, the predominant mechanism underlying the deficiency of *FXN* transcript in FRDA seems to be the reduced amount of transcriptional initiation due to promoter silencing.

Reversal of *FXN* transcriptional deficiency is expected to produce normal frataxin protein since the coding sequence of the *FXN* gene is unaffected in the vast majority of FRDA patients ([@B3]). Heterozygous carriers of the expanded GAA-TR sequence express ∼50% of normal levels of *FXN* transcript and remain asymptomatic, and patients typically express ∼15% of normal levels, therefore a 2--4-fold increase in *FXN* transcript levels would be expected to result in a clinically meaningful outcome. Furthermore, whereas the majority of people with FRDA are homozygous for the expanded GAA-TR sequence, a small number of patients (\<5%) are compound heterozygous for one expanded GAA-TR sequence and another loss-of-function *FXN* mutation ([@B15]). This means that every FRDA patient has at least one expanded GAA-TR sequence with the capacity to cause epigenetic silencing of the *FXN* gene. For all of these reasons, reactivation of the epigenetically silenced *FXN* gene in FRDA is considered an attractive therapeutic strategy, and it is being widely explored ([@B4],[@B16]). In fact, since deficient transcriptional initiation is the major cause of the deficiency of *FXN* transcript ([@B6],[@B8],[@B9]), reactivation of the epigenetically silenced *FXN* promoter is likely to be a particularly efficient strategy for restoring *FXN* transcript levels to therapeutically beneficial levels. 2-aminobenzamide derivatives that specifically inhibit class I histone deacetylases (HDACs) have been shown to increase *FXN* transcript levels in patient-derived cells ([@B3]); however, the precise molecular target in the *FXN* gene by which the increase in transcript levels is achieved remains unknown. One such molecule (109/RG2833) successfully completed a Phase 1b clinical trial ([@B19]) and is presently being developed as a therapeutic agent for FRDA. We sought to determine if 109 is able to reactivate the epigenetically silenced *FXN* promoter, thereby establishing the proof-of-principle of its reversibility, and potentially implicating class I HDACs in the establishment of repeat-mediated epigenetic promoter silencing in FRDA. Here we report that 109 acts by reversing the epigenetic promoter silencing in FRDA. It restores promoter structure as seen in individual chromatin fibers, and enhances promoter function as measured via *in vivo* labeling of nascent transcripts in patient-derived cells. Therefore, inhibition of class I HDACs reverses the major molecular defect in FRDA, and thus represents a rational molecular therapeutic strategy. Our data also implicate class I HDACs in the etiology of repeat-mediated epigenetic silencing.

MATERIALS AND METHODS {#SEC2}
=====================

Cell lines {#SEC2-1}
----------

Lymphoblastoid cell lines from two healthy subjects \[GM22647 (CNTR-1) and GM22671 (CNTR-2)\], and 12 individuals with FRDA \[GM16216, GM16207, GM16204, GM16230, GM16223, GM16244 (FRDA-17), GM16210 (FRDA-10), GM16203 (FRDA-6), GM16243, GM16798, GM16197, GM14518\] were obtained from Coriell Cell Repositories. All individuals with FRDA were homozygous for expanded GAA-TR alleles that ranged in size from 200 to 1122 triplets (shorter allele range: 200--925 triplets; longer allele range: 500--1122 triplets).

Drug treatment {#SEC2-2}
--------------

HDAC inhibitors, 109 \[*N*-(6-(2-aminophenylamino)-6-oxohexyl)-4-methybenzamide\] and 966 \[(*E*)-*N*-(2-amino-4-flurophenyl)-3-(1-cinnamyl-1*H*-pyrazol-4-yl)acrylamide\] ([@B22]) were synthesized by Repligen Corporation (Waltham, MA, USA). Drugs were dissolved in dimethyl sulfoxide (DMSO). Cells were treated with drug (or only DMSO) for 24 h at a final concentration of 10 μM each. For all drug (and no drug) treatments the final concentration of DMSO in the cell culture medium was 0.1% ([@B23]). Drug treatment was carried out in low passage cells that were maintained \<400 000 cells/ml.

Quantitative measurement of *FXN* transcript {#SEC2-3}
--------------------------------------------

This was done by reverse transcription followed by quantitative polymerase chain reaction (quantitative RT-PCR), using protocols and primer sequences as previously described ([@B8]). Briefly, reverse transcription was performed either with a mixture of random hexamers and oligo dT primers (for the Exon 3--4 amplicon ([@B4])) or with a strand-specific RT primer (for the Exon 1 amplicon) using the QuantiTect^®^ reverse transcription kit (Qiagen). Transcript levels were quantified by real-time polymerase chain reaction (PCR) relative to expression of the control *TBP* gene (forward primer: 5′-CCACTCACAGACTCTCACAAC-3′, reverse primer: 5′-CTGCGGTACAATCCCAGAACT-3′) using the ΔΔCt method on the Eppendorf RealPlex-4 Mastercycler with SsoAdvanced™ SYBR^®^ green supermix (BioRad) or power SYBR green supermix (Life Technologies). Primary *FXN* transcript was quantified in intron 1 at upGAA (see Figure [1A](#F1){ref-type="fig"}) ([@B4]) by strand-specific reverse transcription (RT primer: 5′- CTTTTAAGCACTGGCAACCAATC-3′) using the QuantiTect^®^ reverse transcription kit (Qiagen) followed by real-time PCR (forward primer: 5′-GAAACCCAAAGAATGGCTGTG-3′, reverse primer: 5′-TTCCCTCCTCGTGAAACACC-3′) ([@B4]) using the ΔΔCt method on the Roche LightCycler^®^ 96 System with power SYBR green supermix (Life Technologies).

![Treatment with 109 significantly increases *FXN* transcript levels in FRDA both upstream and downstream of the expanded GAA-TR sequence. (**A**) Schematic representation of the *FXN* gene showing the location of the expanded GAA-TR sequence in intron 1, the *FXN* transcription start site (TSS, at −59, relative to the 'A' in the translational start codon as +1), and the amplicons, Ex1 and Ex3--Ex4, used for quantitative RT-PCR to assay *FXN* transcript levels upstream and downstream of the GAA-TR sequence, respectively. The intronic amplicon, upGAA, is also shown, which was used for quantitative RT-PCR to assay primary *FXN* transcript levels. (**B** and **C**) Quantitative RT-PCR showing relative levels of *FXN* transcript (Y-axis) in 12 FRDA cell lines, distributed (X-axis) by the size of the shorter of the two expanded GAA-TR alleles (GAA1, triplets), upon treatment with 109 (blue circles) and 966 (red squares), upstream (Ex1) and downstream (Ex3--Ex4) of the expanded GAA-TR sequence in FRDA. Relative to treatment of each cell line with only DMSO (indicated by the black line at 1.0), treatment with 109 resulted in a statistically significant ∼2-fold increase in *FXN* transcript at both upstream (B) and downstream (C) locations; mean and median of transcript levels in response to 109 in all 12 cell lines is indicated by solid and interrupted blue lines, respectively. No such increase was seen upon treatment with 966, either upstream (B) or downstream (C) of the expanded GAA-TR sequence in FRDA; mean and median of transcript levels in response to 966 in all 12 cell lines is indicated by solid and interrupted red lines, respectively. The variable response to 109 was not correlated with GAA1 repeat length (*R*^2^ = 0.13 for Ex1 and *R*^2^ = 0.08 for Ex3--Ex4). All subsequent mechanistic studies were performed using the three 'circled' FRDA cell lines (FRDA-6, FRDA-10, FRDA-17) that showed consistent and robust increase in *FXN* transcript levels. The graphs represent cumulative data from two complete experiments using 12 lymphoblastoid cell lines from individuals who are homozygous for the expanded GAA-TR sequence, treated with 109, 966 or no drug (only DMSO), each assayed in triplicate. *FXN* transcript levels are shown relative to the expression of the housekeeping *RPS29* gene using the ΔΔCt method. Error bars represent +/−SEM. Medians were analyzed with the Mann--Whitney test, and mean values were analyzed using the two-tailed Student\'s *t*-test. \*\*\**P* \< 0.001; \*\**P* \< 0.01.](gkw107fig1){#F1}

Quantitative analysis of *FXN* promoter activity {#SEC2-4}
------------------------------------------------

This was done by metabolic labeling of nascent RNA using the Click-iT^®^ Nascent RNA Capture Kit (Life Technologies) as previously described ([@B8]). Briefly, lymphoblastoid cell lines were incubated with 5-ethynyl uridine (EU) at the end of 24 h treatment with drug (or only DMSO). Following 0.5--4 h of incubation, RNA was extracted and used for biotinylation by Click reaction. Biotinylated RNA bound to streptavidin beads was reverse transcribed using the SuperScript^®^ VILO™ cDNA synthesis kit (Life Technologies). Mature *FXN* transcript was measured at Ex1 and Ex3--Ex4, and primary *FXN* transcript was measured at upGAA in intron 1 (see Figure [1A](#F1){ref-type="fig"}) ([@B4]), as described above. Due to the differential drug-dependent effects on the expression of house-keeping genes ([@B23]), nascent *FXN* transcript levels were quantified by real-time PCR relative to expression of the control *TBP* gene (for 109 treated samples) or the *OAZ1* gene (for 966 treated samples) from total biotinylated RNA using the ΔΔCt method on the Eppendorf RealPlex-4 Mastercycler with SsoAdvanced SYBR green supermix (BioRad).

Quantitative measurement of *FXN* transcript stability {#SEC2-5}
------------------------------------------------------

*FXN* mRNA stability was analyzed by the pulse-chase method to measure the rate of decay of metabolically labeled transcript using the Click-iT^®^ Nascent RNA Capture Kit (Life Technologies). As outlined in Figure [4A](#F4){ref-type="fig"}, 1.2 million cells were treated with either 109 or no drug (DMSO only) for 24 h. After 20 h of drug/DMSO treatment (i.e. 4 h prior to the end of the 24 h treatment period), cells were pulsed with 0.2 mM EU for 4 h. Cells were then re-suspended in fresh RPMI medium supplemented with 109 or DMSO. Total RNA was isolated from cells harvested following 1, 2, 4, 8 and 16 h in non-EU containing medium, and was subjected to biotinylation by Click reaction. EU-labeled-biotinylated RNA bound to streptavidin beads was reverse transcribed using the SuperScript^®^ VILO™ cDNA synthesis kit (Life Technologies). The mature metabolically-labeled *FXN* mRNA was quantified at Ex1 (plotted as '% mRNA remaining' in Figure [4B](#F4){ref-type="fig"}) by real-time PCR and normalized to total RNA by measuring the control *OAZ1* gene using the ΔΔCt method on the Roche LightCycler^®^ 96 System with SsoAdvanced SYBR green supermix (BioRad). The one-phase exponential decay constants and half-lives were solved by nonlinear regression of the percentage of *FXN* mRNA remaining versus time, using GraphPad Prism version 6.0 h for Mac OS X (GraphPad Software, La Jolla, CA, USA).

Nucleosome occupancy and Methylome sequencing (NOMe-Seq) {#SEC2-6}
--------------------------------------------------------

NOMe-Seq ([@B24]) was performed according to the manufacturer\'s protocol (Active Motif) with few modifications, as previously described ([@B8]). Briefly, cells were cross-linked and chromatin was treated with GpC methyltransferase (GpC-MT) and subjected to bisulfite conversion. A total of 20--50 ng of each bisulfite-treated DNA was used for PCR amplification (forward primer: 5′-ATCTCCCTTAAATCAAAAATCCTAA-3′, reverse primer: 5′-GCTGCGGGATTCGGGTGAGGGTTTGG-3′) using AmpliTaq^®^ Gold DNA polymerase (Applied Biosystems). PCR products were TA-cloned using the TOPO TA Cloning^®^ Kit (Invitrogen), transformed into competent *Escherichia coli* (DH5α) and individual clones were sequenced. Cytosines at GpC sites that are accessible to GpC-MT (i.e. not within a nucleosome) are methylated and therefore not converted by bisulfite treatment, i.e. read as C (denoted as white boxes in Figure [5A](#F5){ref-type="fig"}). Conversely, inaccessible cytosines, which remain unmethylated after GpC-MT treatment are converted via bisulfite treatment to uracil, i.e. read as T (denoted as black boxes in Figure [5A](#F5){ref-type="fig"}). The discriminatory capacity of the assay relies on the efficiency of bisulfite conversion, therefore only clones that demonstrated complete conversion efficiency at all non-GpC (and non-CpG) sites were used for NOMe-Seq analysis (\>98% conversion of all non-GpC sites was attained for the clones used in Figure [5A](#F5){ref-type="fig"}). The Shapiro--Wilk test revealed that the percent open boxes (i.e. percent accessibility) for the three test groups (non-FRDA controls, and FRDA cells treated with 109 or DMSO-only) was not normally distributed so the Wilcoxon--Mann--Whitney test was used in pairwise comparisons of the medians. We used *n* = 17 in each of the three test groups (control, FRDA + 109 and FRDA + DMSO) for each of the 17 GpC sites in the nucleosome depleted region.

RESULTS {#SEC3}
=======

Treatment with 109 significantly increases steady-state levels of *FXN* transcript levels in FRDA {#SEC3-1}
-------------------------------------------------------------------------------------------------

Deficient transcriptional initiation in FRDA results in transcriptional deficiency that extends both upstream and downstream of the expanded GAA-TR sequence in intron 1 of the *FXN* gene. We performed quantitative RT-PCR to measure steady-state levels of *FXN* transcript both upstream (exon 1 \[Ex1 in Figure [1A](#F1){ref-type="fig"}\]) and downstream (spliced product of exons 3--4 \[Ex3--Ex4 in Figure [1A](#F1){ref-type="fig"}\]) of the expanded GAA-TR sequence. Relative *FXN* transcript levels following treatment of patient-derived lymphoblastoid cell lines (*n* = 12; homozygous for expanded alleles containing 200--1122 GAA triplets) with 109 (10 μM for 24 h) or only DMSO are shown in Figure [1B](#F1){ref-type="fig"} (Ex1) and Figure [1C](#F1){ref-type="fig"} (Ex3--Ex4). Relative to treatment of each cell line with only DMSO (indicated by the solid black line at 1.0), treatment with 109 resulted in a statistically significant ∼2-fold increase in *FXN* transcript at both upstream (Figure [1B](#F1){ref-type="fig"}) and downstream (Figure [1C](#F1){ref-type="fig"}) locations (mean/median of transcript levels in all 12 cell lines is indicated by solid/interrupted blue lines, respectively).

We also tested 966, a drug with a structure similar to 109, but which is known to not increase *FXN* transcript levels in patient-derived cell lines ([@B19]), as a negative control. Compound 966 is a potent inhibitor of HDAC3 ([@B22]), but unlike 109 it does not increase histone acetylation at the *FXN* locus in FRDA ([@B19]). As expected, similar treatment with 966 (10 μM for 24 h) did not result in increased *FXN* transcript levels either upstream (Figure [1B](#F1){ref-type="fig"}) or downstream (Figure [1C](#F1){ref-type="fig"}) of the expanded GAA-TR sequence in FRDA (mean/median of transcript levels in all 12 cell lines is indicated by solid/interrupted red lines, respectively).

There was considerable inter-individual variability in the response to 109, ranging from only slight increases over no drug treatment to ∼3-fold increase in levels of steady-state *FXN* transcript (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}), which is consistent with previous findings ([@B20]). However, the response to 109 did not correlate with repeat length (*R*^2^ = 0.13 for Ex1 and *R*^2^ = 0.08 for Ex3--Ex4; using the shorter of the two expanded alleles, i.e. the allele best correlated with transcriptional deficiency ([@B10])). Interestingly, despite the variability in response to 109 treatment, the same magnitude of response was noted at both upstream and downstream locations in each of the 12 cell lines tested (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}), indicating that some individuals respond more robustly to 109 treatment than others. In subsequent experiments, which were designed to characterize the precise mechanism of transcriptional upregulation by 109, we used the three cell lines that showed consistent and robust (2.4--3.2-fold) increases in *FXN* transcript levels (circled in Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). These cell lines carry expanded GAA-TR alleles that are in the 'typical' size range for FRDA mutations; FRDA-6 \[670/830 triplets\], FRDA-10 \[580/580 triplets\] and FRDA-17 \[550/920 triplets\].

Treatment with 109 significantly increases *FXN* promoter function in FRDA {#SEC3-2}
--------------------------------------------------------------------------

To directly test if treatment with 109 increases *FXN* promoter activity in FRDA, *FXN* transcriptional initiation was measured via metabolic labeling of nascent transcripts in patient-derived lymphoblastoid cell lines. Nascent transcripts were metabolically labeled with EU, to which biotin was subsequently added via click chemistry, thus permitting a quantitative, dynamic, *in vivo* analysis of newly synthesized *FXN* transcript. This is similar to a nuclear run-on assay, with the added advantage of measuring nascent transcripts in live cells. Quantitative RT-PCR was performed to measure *FXN* transcript levels immediately downstream of the *FXN* transcriptional start site \[*FXN*-TSS, at −59; 'Ex1' in Figure [1A](#F1){ref-type="fig"}\]). Three patient-derived cell lines (FRDA-6, FRDA-10, FRDA-17) were treated with either 109 or 966 (10 μM for 24 h) and no drug, i.e. DMSO only, followed by labeling with EU for 0.5, 1, 2 and 4 h. Treatment with 109 resulted in 3.3--3.9-fold increased production of newly synthesized *FXN* transcript compared with no drug (*P* \< 0.05; Figure [2A](#F2){ref-type="fig"}). No such increase in *FXN* promoter function was noted with 966 (Figure [2B](#F2){ref-type="fig"}). Thus, 109 directly results in significantly improved function of the epigenetically silenced *FXN* promoter in FRDA. Quantitative RT-PCR was also performed downstream of the expanded GAA-TR sequence \[Ex3--Ex4 in Figure [1A](#F1){ref-type="fig"}\], which showed that 109 resulted in a similar 3.1--4.0-fold increased production of newly synthesized *FXN* transcript compared with no drug (*P* \< 0.05; Figure [2C](#F2){ref-type="fig"}). Again, no such increase in *FXN* transcript was noted with 966 (Figure [2D](#F2){ref-type="fig"}). The similarity in magnitude of accumulation of nascent *FXN* transcript at both the upstream and downstream locations, especially at the 1--4 h time points (3--4-fold increase) where the reaction is more reliably quantitative, suggests that 109 acts mainly via improving transcriptional initiation in FRDA.

![Treatment with 109 significantly increases *FXN* promoter function in FRDA. Treatment with 109 (**A** and **C**), but not 966 (**B** and **D**), resulted in \>3-fold increased accumulation of nascent *FXN* transcript at various time points assayed (0.5--4 h) after initiation of metabolic labeling. Quantitative RT-PCR was performed both immediately downstream of the transcription start site (i.e. upstream of the expanded GAA-TR sequence; Ex1 in Figure [1A](#F1){ref-type="fig"}) and downstream of the expanded GAA-TR sequence (Ex3--Ex4 in Figure [1A](#F1){ref-type="fig"}), with both locations showing a similar \>3-fold increase in nascent *FXN* transcript accumulation in response to 109 treatment. Nascent transcript levels were quantified by real-time PCR relative to expression of the control *TBP* gene (for 109 treated samples \[A and C\]) or the control *OAZ1* gene (for 966 treated samples \[B and D\]) from total biotinylated RNA using the ΔΔCt method. Graphs represent cumulative data from two complete experiments using three lymphoblastoid cell lines from individuals with FRDA who are homozygous for the expanded GAA-TR sequence, treated with 109, 966 or no drug (only DMSO), each assayed in triplicate. Error bars represent +/−SEM. \*\*\**P* \< 0.001; \*\**P* \< 0.01; \**P* \< 0.05.](gkw107fig2){#F2}

Treatment with 109 significantly increases levels of primary *FXN* transcript in FRDA {#SEC3-3}
-------------------------------------------------------------------------------------

To further test if 109 acts by improving *FXN* promoter function, we assessed if treatment with 109 would also result in an increase in the level of primary *FXN* transcript. Firstly, quantitative RT-PCR was performed to measure steady-state levels of *FXN* transcript in intron 1 (upGAA in Figure [1A](#F1){ref-type="fig"}) ([@B4]). Given that bidirectional transcription is known to occur in this part of the *FXN* gene ([@B25]), we performed reverse transcription using a strand-specific primer to ensure that we specifically measured transcription of the sense strand (see 'Materials and Methods' section). Treatment of three patient-derived lymphoblastoid cell lines (FRDA-6, FRDA-10, FRDA-17) with 109 (10 μM for 24 h) resulted in ∼3.5-fold increase (*P* \< 0.05) in levels of steady-state primary *FXN* transcript compared with no drug (i.e. only DMSO), and no such increase was seen upon treatment with 966 (Figure [3A](#F3){ref-type="fig"}). Next we measured metabolically-labeled nascent primary *FXN* transcript by quantitative RT-PCR at upGAA following 0.5, 1, 2 and 4 h of labeling with EU in the same three cell lines. The measurement of metabolically labeled primary transcript, wherein reverse transcription is performed using a purified ('pull down') template consisting only of nascent RNA, has the added advantage of minimizing the potentially confounding effects of 'endogenous' priming, which intronic regions are sometimes prone to. Treatment with 109 resulted in \>4-fold increased production of newly synthesized primary *FXN* transcript compared with no drug (*P* \< 0.05 at each of the four time points; Figure [3B](#F3){ref-type="fig"}). As expected, given the much lower stability of primary transcripts, the primary *FXN* transcript attained steady-state levels prior to what we had observed with the mature *FXN* transcript; steady-state levels were reached in \<1 h for the primary transcript (Figure [3B](#F3){ref-type="fig"}), but this was not attained by 4 h for the mature transcript (Figure [2A](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). The increase in both nascent primary and mature *FXN* transcript further supports the conclusion that 109 has a direct effect on improving transcriptional initiation in FRDA.

![Treatment with 109 significantly increases levels of primary *FXN* transcript in FRDA. (**A**) Quantitative RT-PCR showing relative levels of primary *FXN* transcript assayed via strand-specific RT-PCR at upGAA in intron 1 (see Figure [1A](#F1){ref-type="fig"}) in three patient-derived lymphoblastoid cell lines, following treatment with 109, 966 or only DMSO. Treatment with 109, but not 966, resulted in \>3-fold increase in levels of steady-state primary *FXN* transcript compared with no drug (i.e. only DMSO). Graphs represent cumulative data from four complete experiments using three lymphoblastoid cell lines from individuals with FRDA who are homozygous for the expanded GAA-TR sequence, each assayed in triplicate. Error bars represent +/−SEM. \**P* \< 0.05. (**B**) Quantitative RT-PCR of metabolically-labeled nascent primary *FXN* transcript assayed at upGAA in intron 1 following 0.5, 1, 2 and 4 h of labeling with 5-ethynyl uridine (EU) in the same three cell lines used above. Treatment with 109 resulted in \>4-fold increased production of newly synthesized primary *FXN* transcript compared with no drug at each of the four time points. Graphs represent cumulative data from two complete experiments using three lymphoblastoid cell lines from individuals with FRDA, each assayed in triplicate. Error bars represent +/−SEM. \**P* \< 0.05; \*\**P* \< 0.01.](gkw107fig3){#F3}

Treatment with 109 does not alter the stability of *FXN* transcript in FRDA {#SEC3-4}
---------------------------------------------------------------------------

It has been previously shown that stability of the *FXN* transcript remains unchanged in FRDA ([@B5]). However, it is not known if the increase in *FXN* transcript levels caused by treatment with 109 stems, even partly, from increased transcript stability. A pulse-chase experiment was performed to measure the half-life of the *FXN* transcript in lymphoblastoid cells (see experimental scheme in Figure [4A](#F4){ref-type="fig"}). Treatment with 109 (or only DMSO) was carried out for 24 h, with the terminal 4 h in the presence of EU to label nascent transcripts. The decay of labeled *FXN* transcript was measured by quantitative RT-PCR over the subsequent 16 h. The temporal decay profile of newly labeled *FXN* transcript, assayed in triplicate (twice using FRDA-6 and once using FRDA-10), revealed that the half-life of *FXN* transcript remained unchanged at ∼13.5 h following treatment with 109 (Figure [4B](#F4){ref-type="fig"}). These data indicate that the increase in *FXN* transcript following 109 treatment must derive largely from increased synthesis of *FXN* transcript, and further supports the conclusion that 109 acts mainly via reactivation of the epigenetically silenced promoter in FRDA.

![Treatment with 109 does not alter the stability of *FXN* transcript in FRDA. (**A**) Scheme of pulse-chase experiment performed to measure the half-life of *FXN* transcript in patient-derived lymphoblastoid cells. Treatment with 109 (or only DMSO) was carried out for 24 h, with the last 4 h in the presence of EU to label nascent transcripts. The decay of labeled *FXN* transcript was measured by quantitative RT-PCR over the subsequent 16 h, in the absence of EU. (**B**) The temporal decay profile of newly labeled *FXN* transcript (% mRNA remaining, plotted using a log scale on the Y-axis), assayed in triplicate (twice using FRDA-6 and once using FRDA-10), indicates that the half-life of *FXN* transcript remained unchanged at ∼13.5 h following treatment with 109.](gkw107fig4){#F4}

Treatment with 109 substantially improves *FXN* promoter structure and chromatin accessibility in FRDA {#SEC3-5}
------------------------------------------------------------------------------------------------------

The *FXN* gene has a typical CpG island promoter, with a well-positioned +1 nucleosome that is preceded by a nucleosome depleted region ([@B8]). The *FXN* promoter is normally pre-associated with RNA pol II, which initiates *FXN* transcription within the nucleosome depleted region (at position −59 in lymphoblastoid cells ([@B6])). In FRDA the nucleosome depleted region is obliterated by altered nucleosome positioning at the *FXN*-TSS which leads to severely deficient transcriptional initiation ([@B6],[@B8],[@B9]). We used Nucleosome Occupancy and Methylome Sequencing ([@B24]) (NOMe-Seq; Active Motif), a high-resolution *in vivo* footprint assay to detect nucleosome occupancy in individual chromatin fibers based on accessibility of GpC methyltransferase. Specifically, we probed the nucleosome depleted region at the *FXN*-TSS in order to test for any beneficial effect of treatment with 109 on the structure of the *FXN* promoter. A 100-bp window flanking the *FXN*-TSS at −59 that is relatively depleted of nucleosomes and contains 17 GpC dinucleotides was selected for structural analysis of the *FXN* promoter ([@B8]). We reasoned that the ability of 109 to improve *FXN* promoter function would stem from its ability to restore access to the *FXN*-TSS. In the NOMe-Seq assay ([@B24]), chromatin is treated with a GpC methyltransferase, subjected to bisulfite conversion and individual clones are sequenced to determine nucleosome occupancy in single chromatin fibers. Cytosines at GpC sites that are accessible to the GpC methyltransferase (i.e. not within a nucleosome) are methylated and therefore not converted by bisulfite treatment, i.e. read as C (denoted as white boxes in Figure [5A](#F5){ref-type="fig"}). Conversely, inaccessible cytosines, which remain unmethylated after GpC methyltransferase treatment are converted via bisulfite treatment to uracil, i.e. read as T (denoted as black boxes in Figure [5A](#F5){ref-type="fig"}). NOMe-Seq was performed using lymphoblastoid cell lines from two non-FRDA controls (CNTR-1, CNTR-2) and two FRDA patients (FRDA-6, FRDA-10), either treated with 109 (10 μM for 24 h) or only DMSO. Individual chromatin fibers (*n* = 8) were sequenced for each cell line/condition, and the NOMe-Seq data of all 48 chromatin fibers are depicted in Figure [5A](#F5){ref-type="fig"} and cumulative data are plotted in Figure [5B](#F5){ref-type="fig"}. Compared to non-FRDA controls, where the *FXN*-TSS is located within a nucleosome depleted region (median accessibility = 37.5% \[25th--75th% = 31.3, 50.0\]), FRDA patients ('DMSO') showed dramatic loss of chromatin accessibility at the *FXN*-TSS (median accessibility = 6.25% \[25th--75th% = 0, 6.25\]; *P* \< 0.0001 using the Wilcoxon--Mann--Whitney test for pairwise comparison of medians), with almost no accessible GpC dinucleotides (Figure [5B](#F5){ref-type="fig"}). Treatment of FRDA cells with 109 resulted in a significant, 3-fold increase in accessibility of the nucleosome depleted region; median accessibility was 18.8% \[25th--75th% = 6.25, 25.0\] in FRDA cells treated with 109 compared with 6.25% in cells treated only with DMSO (Figure [5B](#F5){ref-type="fig"}; *P* \< 0.0001 using the Wilcoxon--Mann--Whitney test). While not quite restoring promoter accessibility to the levels seen in non-FRDA cells, these data indicate that 109 results in significant reversal of the abnormal structural organization of the epigenetically silenced *FXN* promoter in FRDA, concomitant with the ∼3-fold increase seen in promoter function.

![Treatment with 109 significantly improves *FXN* promoter structure and chromatin accessibility in FRDA. (**A**) NOMe-Seq data, measuring the nucleosomal footprint *in vivo*, for two non-FRDA cell lines (CNTR1 and 2), and two FRDA cell lines either treated with 109 or with no drug (DMSO) are shown. The horizontal lines depict the 100-bp region analyzed, which represents the nucleosome depleted region flanking the *FXN*--TSS at −59 (relative to the 'A' in the translational start codon as +1). NOMe-Seq data of eight chromatin fibers per cell line, i.e. *n* = 16 fibers for each of the three conditions is depicted. For each of the 48 fibers are shown 17 white/black boxes, which represent accessible/inaccessible GpC sites, respectively. (**B**) The cumulative NOMe-Seq data of all 48 chromatin fibers, measured at each of 17 GpC dinucleotides within the nucleosome depleted region, are shown with promoter accessibility (%) plotted on the Y-axis. In non-FRDA controls (CNTR) the *FXN*-TSS is located within a nucleosome depleted region (median accessibility = 37.5%), which is obliterated in FRDA patients (FRDA + DMSO; median accessibility = 6.25%; *P* \< 0.0001 compared with CNTR). Treatment with 109 (FRDA + 109) resulted in a significant, ∼3-fold increase in chromatin accessibility of the nucleosome depleted region (median accessibility = 18.8%; *P* \< 0.0001 compared with FRDA + DMSO).](gkw107fig5){#F5}

DISCUSSION {#SEC4}
==========

The deficiency of mature *FXN* transcript in FRDA is known to be caused by at least two mechanisms: deficient transcriptional initiation and inefficient transcriptional elongation through the expanded repeat in intron 1. Various assays, including measurement of steady-state transcript levels, whole transcriptome analysis, metabolic labeling of nascent transcripts in living cells and RNA-FISH in single cells have shown that FRDA cells exhibit a major defect in transcriptional initiation and a relatively minor defect in transcriptional elongation ([@B6],[@B8],[@B9],[@B14]). Indeed, it is estimated that defective transcriptional initiation is about 5--6-fold more severe than inefficient transcriptional elongation in the etiology of *FXN* transcriptional deficiency in FRDA ([@B8],[@B9]). Therefore, the direct targeting and significant improvement of the abnormal structural and functional properties of the *FXN* promoter, as seen with 109, indicates that class I HDAC inhibition represents a rational and efficient therapeutic strategy in FRDA.

The 'openness' of the nucleosome depleted region in CpG island promoters is a reliable indicator of promoter activity ([@B24],[@B26]), and our data indicate that inhibition of class I HDACs via 109 treatment achieves ∼3-fold improvement in both the openness and activity of the epigenetically silenced *FXN* promoter in FRDA (Figure [6](#F6){ref-type="fig"}). Patients who have at least one shorter-than-average expanded allele (containing \<400 triplets) typically have a milder phenotype associated with a later age of onset ([@B27]) and slower disease progression ([@B28],[@B29]). These individuals have 2-fold higher promoter activity compared with typical FRDA patients who are homozygous for expanded alleles containing \>400 GAA triplets ([@B10]). Therefore, in addition to its sound molecular rationale, the use of class I HDAC inhibitors such as 109 that improve promoter function in FRDA by ∼3-fold is also likely to be clinically meaningful.

![Model of reversal of epigenetic *FXN* promoter silencing in FRDA by a class I HDAC inhibitor. The *FXN* promoter, which normally has a transcription start site within a nucleosome depleted region, is rendered inaccessible in FRDA because of increased nucleosome density. This results in a severe deficiency of transcriptional initiation in FRDA. Treatment with 109, a class I HDAC inhibitor, results in significantly improved *FXN* promoter accessibility and promoter activity in FRDA.](gkw107fig6){#F6}

Compound 109 is a potent inhibitor of class I HDACs HDAC1 and HDAC3 ([@B21]), and 966 predominantly inhibits HDAC3 ([@B22]). Indeed, Soragni *et al*. ([@B30]) elegantly showed that simultaneous inhibition of HDAC1 and HDAC3 with compounds such as 109 that exhibit a slow-on/slow-off kinetic profile are most effective at reversing the transcriptional repression in FRDA. Taken together, our data support the simultaneous roles of HDAC1 and HDAC3 in mediating the abnormal structural organization and functional silencing of the *FXN* promoter in FRDA.

A potential caveat of our study is that it explores the corrective role of class I HDAC inhibition in the context of lymphoblastoid cells, a cell type that is not involved in disease pathogenesis. However, class I HDAC inhibition via 2-aminobenzamides (including 109) has been shown to increase *FXN* transcript levels in many human and murine cell types ([@B4],[@B18],[@B31]) and, moreover, the underlying mechanism of gene silencing in FRDA does not seem to be tissue-specific ([@B32]). The analysis of lymphoblastoid cell lines therefore represents the use of a tractable and well-characterized model system to perform detailed mechanistic studies of drug action on *FXN* promoter structure and function.

We conclude that repeat-mediated epigenetic promoter silencing in FRDA is mediated by class I HDACs, and it is reversible via treatment with specific inhibitors. It is noteworthy that the correction of both the structural and functional defects of the *FXN* promoter in FRDA, albeit partial, occurs in its natural genomic context, i.e. while in continued physical proximity to the *cis*-acting expanded GAA-TR sequence. These features bode well for the development of class I HDAC inhibitors as a rational therapeutic modality for FRDA.
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